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Abstract

The powered-phase autopilot for the Centaur
upper stage rocket uses an autopilot forward loop
gain scheduler that decreases the proportional gain
as propellant mass is depleted. Nonlinear time
response simulation studies reveled that Centaur
vehicles with low-gain autopilots would have large
attitude error 1imit cycles.

These 1imit cycles were due to the assumed
presence of Coulomb friction in the engine gimbals.
This situation could be corrected through the use
of an harmonic "dither," programmed into the on-
board digital computer and added to the engine com-
mand signal. 7This would introduce impending motion
to the engines, allowing control of the engines
even under small commands. Control authority was
found to be restored when dither was used.

A concern arose that the Centaur could be unac-
ceptably excited at resonances near the dither fre-
quency, if the dither amplitude were excessive.
Since the dither amplitude was to be chosen on the
basts of friction level present, a test was con-
ducted to measure this level. Dither characteris-
tics were to be based on the test results.

. The test results showed that the gimbal fric-
tion characteristic was actually hysteretic - a
*bend and slide" phenomena - rather than the assumed
Coulomb friction. This result had a tremendous
effect on simulation results for low-gain auto-
pilots. The simulation results showed that, using
this new model of gimbal friction, dither would no
longer be necessary.

Results of simulation studies in both the time
and frequency domain are presented. It is recom-
mended that autopilot simulation studies for future
Centaur and similar upper-stage vehicles inciude a
bend and slide engine gimbal friction model, with a
small amount of Coulomb friction, modeled as part
of the actuator dynamics, for a conservative sta-
bi11ty analysis.

Introduction

The Centaur upper-stage rocket, shown in
Fig. 1, has flown on over 60 missions atop Atlas
rockets and several missions atop Titan rockets.
Shuttie/Centaur was designed to fly in the Space
Shuttle orbiter bay. The Shuttle/Centaur program
was cancelled by NASA due to increased safety con-
siderations arising after the Challenger accident.
Although this analysis was performed prior to the
program cancellation, the results are applicable to
any Centaur or similar space flight vehicle.

The powered-phase autopilot of the Centaur,
shown in Fig. 2, 1s used to maintain attitude con-
trol during full thrust operation. Control is main-
tained by using hydraulic actuators to gimbal the
main engines. Linear stability analysts is per-

formed to estimate stability margins for the auto-
pilot, but this analysis must be validated through
time response simulation. This is due to the highly
nonlinear nature of the autop11ot1 and plant

models, and due to time-varying model parameters.

A basic assumption in Centaur autopilot simula-
tion 1s that friction exists in the engine gimbals.?
This phenomena has been modeled as classical Coulomb
friction,3 as shown 1n Fig. 3, with the level of
friction chosen from information gathered from test
firings of the Pratt & Whitney RL10-A fiight model
eng1nes.4 The effect of Coulomb friction has been
documented for oscillating pendulums,? which is how
the Centaur engines have been modeled.

A plot of attitude error versus time for a
typical Centaur with low-gain autopilot and no fric-
tion is shown in Fig. 4. Time responses showed
that, for the level of Coulomb friction used in
analysis, unacceptably large attitude error l1imit
cycles were seen in simulation results, as shown in
Fig. 5. These 1imit cycles could be attenuated
through higher gain, at the expense of stability
margins.

Coulomb friction will cause large 1imit cycles
because the engines will stick in one position until
the command signal is sufficient for them to over-
come the frictional torque. This introduces phase
lag to the system, which will decrease stability
margins. Typical open-loop frequency responses
for a Centaur with low-gain autopilot, with and
without friction, are shown in Fig. 6.

Description of Analysis

An harmonic dither signal is widely used by
manufacturers of control valves’ as a means of
overcoming friction. For the case of gimbaling
engines, dither may be added to the command signal
as a means of introducing impending motion to the
engines, so that they will not stick when subjected
to small command signals.

The 1imitations on choice of dither frequency
are as follows: first, the frequency could not fall
within the controller bandwidth due to rigid body
control performance considerations. Second, vehi-
cle resonances near the dither frequency could not
be unacceptably excited by the signal. Finally,
the period had to be an even integer multiple of
the digital autoptlot sampling time, in order to
achieve an even harmonic signal.

For the Centaur autopilot, the sampling time
s 0.02 sec. Even integer multiples of this number
were considered as possible candidates for the
dither period. The period outside the controller
bandwidth that moved the engines with the smallest
amplitude was found to be 0.08 sec, for a frequency
of 6.25 Hz.




A further analysis was performed to determine
the best shape for the dither signal. A quantized
sine wave and a square wave were tested. The square
wave shown in Fig. 7 was chosen, because it required
less ampiitude than the sine wave to add the same
amount of energy to the system. The square wave may
be decomposed into harmonics that are integer multi-
ples its frequency,B and these harmonics contri-
bute to the energy contained by the square wave. In
this analysis, it was found that the harmonics did
not themselves excite vehicle modes, but did contri-
bute energy to the engines at the fundamental dither
frequency, allowing them to be excited at a smaller
ampiitude than would a sine wave.

Having chosen the frequency, the dither ampli-
tude must be such that the friction torque is bro-
ken, without forcing the engines against their
stops. The dither amplitude may be calculated ana-
lytically either for a simpie model of the engines
or for a describing function approximation of the
friction characteristic,9 but a prior knowledge of
the amount of friction present is still necessary.

For this case, various amplitudes were tested,
with the goal of finding the smallest amplitude
that would break the friction torque. It was
observed that amplitudes below a certain level
would not excite the engines enough to break the
friction, and that the level of dither necessary
was a function of the friction level present. An
exampie of this result 1s shown in Fig. 8, in
which attitude error is plotted against time for
two different dither amplitudes. One of the
ampiitudes 1s sufficient to break the friction;
the other is not. These plots show the need to
know the amount of friction present to prevent
under-dithering the engines.

A test was performed'0 to determine the amount
of friction present in the engine gimbals, which
would then be used to determine the required dither
level. The results of this test showed the fric-
tion characteristic to be hysteretic rather than
the assumed Coulomb friction. The characteristic
is shown in Fig. 9. This result showed previous
autopilot stability analyses to be more conser-
vative than necessary.

The result of implementing this hysteretic
damping characteristic in simulation was that it
was no longer necessary to dither the engines to
achieve control authority. Figure 10 shows a plot
of attitude error versus time for a case in which
the engine gimbal damping is hysteretic, and in
which a smaller amount of Coulomb friction is
st111 modeled, under the assumption that some
Coulomb friction may exist in the hydrauiic engine
actuators. The two plots in Fig. 10 indicate that
a small amount of dither, although not necessary
to meet attitude error 1imit cycle requirements,
may be used to further improve control performance.

Figure 11 shows an open-loop frequency
response for the Centaur with this new friction
character. The frequency response shows increased
stabi1ity margins. A comparison of stability
margins for the frequency response plots of Figs. 6
and 11 is shown in Table 1. Although these stabil-
ity margins are given for only one instant of
flight, it can be easily shown that the effect of
friction model on stability margins will be
similar throughout flight

Conclusions

For the case of a low-gain Centaur autopilot,
the assumption of Coulomb friction existing in the
engine gimbals will be seen in time response, as
the sticking of the engines will cause unac-
ceptably large attitude error 1imit cycles.
will also be refliected in open-loop frequency
response, as the phase lag introduced by Coulomb
friction reduces autopiiot stability margins.

This

The problems introduced by Coulomb friction
in dynamic simulation will be eliminated by the
introduction of a dither signal, added to the
engine command signal output of the control law.
The judicious choice of dither type, frequency,
and amplitude will eliminate engine sticking by
introducing impending motion to the engines, thus
returning control authority and stabiiity margins
to the autopilot, without excessively exciting
other vehicle modes.

Since the dither amplitude necessary to break
the Coulomb friction torque 1s a function of the
amount of friction present, some knowliedge of the
actual friction characteristic is necessary to
prevent over-dithering the engines. Ffor this
case, testing was necessary to determine this
characteristic.

The test results showed the engine gimbal
friction to actually be hysteretic in nature,
rather than the assumed Coulomb friction. This
*bend and siide" friction would require no dither
to break. Although some sticking of the engines
i1s st111 observed with hysteretic damping, engine
commands can move the engines without dither.

The analysis here has shown that if coulomb
friction were present in the engine gimbals, con-
trol authority could be maintained through the use
of dither. However, modeling the engine with the
more correct and test-verified hysteretic damping
eliminates the need for dither. Future Centaur
autopilot simulation studies should contain hyster-
etic gimbal damping, with a small amount of Coulomb
friction also modeled (assumed to be present in the
engine actuators) for a conservative stability
analysis.
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BILITY MARGINS FOR THREE
ON MODELING CASES

No friction | Coulomb | Bend and
friction slide
only friction

Upper gain margin, dB
Lower gain margin, dB

Phase margin, deg

11.1 2.6 1.1
-19.6 -11.6 -18.7
301 8.8 21.1

FIGURE 1.

- CENTAUR UPPER STAGE.
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